Radiative jet energy loss in a three-dimensional hydrodynamical medium and high p T azimuthal asymmetry of π 0 suppression at mid and forward rapidity at RHIC The nuclear modification factor RAA for π0 production in Au+Au collisions at √ s = 200 AGeV is calculated, and studied at high transverse momenta pT . The soft thermalized nuclear medium is described within the framework of relativistic ideal three-dimensional hydrodynamics. The energy loss of partonic jets is evaluated in the context of gluon bremsstrahlung in the thermalized partonic matter. We provide a systematic analysis of the azimuthal asymmetry of π0 suppression at high pT in central and non-central collisions, at mid and forward rapidity. The determination of RAA as a function of pT , at different azimuthal angles, and different rapidities makes for a stringent test of our theoretical understanding of jet energy loss over a variety of in-medium path lengths, temperatures and initial partonic jet energies. This lays the groundwork for a tomography of the nuclear medium.
I. INTRODUCTION
Experiments at the Relativistic Heavy Ion Collider (RHIC) have shown that high p T hadrons in central A+A collisions are significantly suppressed in comparison with those in binary p+p interactions, scaled to nucleusnucleus collisions [1, 2] . This phenomenon is commonly attributed to the fact that partonic jets produced in the early pre-equilibrium stage of the collisions interact with the hot and dense nuclear medium created in those collisions and loose energy in the process. This is referred to as jet-quenching [3] . These lower energy partonic jets traverse the medium and will eventually fragment into hadrons which are observed in the detectors.
Theoretical formalisms have been elaborated to describe the energy loss following the gluon bremsstrahlung experienced by the color charges in the medium: we mention the work by Baier-Dokshitzer-Mueller-PeigneSchiff (BDMPS) [4] , Gyulassy-Levai-Vitev (GLV) [5] , Kovner-Wiedemann (KW) [6] , Zakharov [7] , MajumderWang-Wang (Higher Twist) [8] , and Arnold-Moore-Yaffe (AMY) [9] .
Recent studies [10, 11, 12] indicate that additional collisional energy loss of light partons might be substantial as well. However, a consistent treatment including (possibly destructive) interference is to be developed [13] . In this article we will restrict ourselves to the calculation of energy loss of the hard partons induced by gluon bremsstrahlung in the deconfined phase.
Jet quenching can be experimentally quantified by measurements of various quantities as e.g. the nuclear modification factor R AA , the elliptic flow v 2 at high p T , and high p T hadron correlations. While considerable theoretical effort has been deployed to develop and improve our understanding of modifications of jets in the nuclear medium, early jet quenching calculations often relied on an elementary description of the soft medium in their description of data. In most works the jets traverse a simple density distribution which varies with time unconstrained by the bulk observables, with or without a Bjorken expansion, see e.g. [14, 15] . Similarly, calculations estimating the effects of three dimensional (3D) expansion on R AA have treated the energy loss of jets in a simplified fashion [16] .
In [17] a parameterized non-Bjorken fireball evolution that accounts for several measured observables connected with bulk properties of the matter created at RHIC [18] was applied to study the effect of flow on energy loss (in the BDMPS formalism, according to the prescription outlined in [19] ). This study aimed for a sophisticated description of energy loss as well as for the medium evolution, but it was restricted to the calculation of R AA in central collisions. Later this observable was also studied in a 2D hydrodynamical evolution model [20] . Recently, a 3D hydrodynamical evolution calculation [21] of the expanding medium in central and non-central collisions was employed in detailed studies of jet energy loss as predicted in the BDMPS formalism [22, 23] and in the higher twist formalism [24] .
The present work contributes to this effort of understanding the physics of jet quenching by applying the Arnold, Moore, and Yaffe (AMY) formalism [9] for gluon bremsstrahlung to calculate the jet energy loss in the thermal partonic medium in central and non-central collision as inferred from 3D relativistic hydrodynamics [21] . We present a calculation of R AA as a function of transverse momentum (and the azimuth) in central and noncentral collisions and also study the rapidity dependence of this quantity.
While R AA as measured in central collisions alone is not suited to distinguish in detail between different theoretical conjectures about jet energy loss [25] , the combination with additional measurements of R AA versus reaction plane in non-central collisions [26] and at finite rapidity provides further valuable tomographic information. Additional tomographic observables are high p t triggered correlation measurements, see e.g. [20, 27, 28] .
The paper is organized as follows, we first briefly re-view the 3D hydrodynamical description of the medium in Sec. II. We then discuss in Sec. III how the initial momentum distributions of jets and their time-evolution in the thermal medium (which incorporates the energy loss process in the AMY formalism) as well as the fragmentation of the final jets into pions are calculated. Numerical results are presented for R AA at mid and forward rapidity in Sec. IV together with a comparison to data where already available. Finally, Sec. V contains our conclusions.
II. 3D HYDRODYNAMICAL MEDIUM
The behavior related to the bulk properties of the highdensity phase in heavy-ion collisions at RHIC is well described by Relativistic Fluid Dynamics (RFD, see e.g. [29, 30, 31] ), while this description is not applicable in the late dilute stages of the collisions in which the mean free path of hadrons is large on the typical scales of the system.
In the present paper we use a fully 3D hydrodynamical model for the description of RHIC physics [21] which solves the relativistic hydrodynamical equation
where T µν is the energy momentum tensor which can be expressed as
Here ǫ, p, U and g µν are energy density, pressure, four velocity and metric tensor, respectively. Furthermore baryon number n B conservation is imposed as a constraint
and the resulting set of partial differential equations is closed by specifying an equation of state (EoS): ǫ = ǫ(p). Our particular RFD calculation utilizes a Lagrangian mesh and the coordinates (τ, x, y, η) with the longitudinal proper time τ = √ t 2 − z 2 and space-time rapidity η = 1 2 ln[(t + z)/(t − z)] in order to optimize the calculation for the ultra-relativistic regime of heavy collisions at RHIC. Once an initial condition has been specified RFD in the ideal fluid approximation (i. e. neglecting off-equilibrium effects) allows a calculation of single soft matter properties at RHIC, especially collective flow and particle spectra.
We assume early thermalization with subsequent hydrodynamical expansion at τ 0 = 0.6 fm/c. The initial conditions, namely initial energy density and baryon number density are parameterized by
where b and ǫ max (n Bmax ) are the impact parameter and the maximum value of energy density (baryon number density), respectively. W (x, y; b) is given by a combination of wounded nucleon model and binary collision model [32] and H(η) is given by
. The initial conditions have been chosen such that a successful description of the soft sector at RHIC (elliptic flow, pseudo-rapidity distributions and low-p T single particle spectra) is achieved. For further details, especially also a discussion of the EoS which is employed, we refer the reader to [21] .
III. JET EVOLUTION AND FRAGMENTATION
In this section we present the techniques used to calculate the initial jet production in the early stage of the collisions, the subsequent propagation through the hot and dense medium, and final hadronization in the vacuum. We exclusively focus on the hadrons in the high p T region in which fragmentation is the dominant mechanism for the production of hadrons. For softer hadrons (below p T ∼ 7 GeV/c) other mechanisms, such as the recombination of partons become of increasing significance [33] .
The initial jet density distribution P AB (b, r⊥) at the transverse position r ⊥ and in A+B collisions with impact parameter b is given by
Here we use a Woods-Saxon form for the nuclear density function, ρ( r ⊥ , z) = ρ 0 /[1 + exp(
, to evaluate the nuclear thickness function T A ( r ⊥ ) = dzρ A ( r ⊥ , z) and the overlap function of two nuclei
. The values of the parameters R = 6.38 fm and d = 0.535 fm are taken from [34] .
The initial momentum distribution dN
T dy| i of jets is computed from pQCD in the factorization formalism,
In the above equation, G a/A (x a , Q) is the distribution function of parton a with momentum fraction x a in the nucleus A at factorization scale Q, taken from CTEQ5 [35] including nuclear shadowing effects from EKS98 [36] . The index j represents one of the partonic species (j = q,q, g), and
center of mass energy. The distribution dσ/dt is the leading order QCD differential cross section, and the Kfactor accounts for NLO effects and is taken to be constant in our calculation as it is almost p T independent [37, 38, 39] . The initial Cronin effect is neglected in our calculation since the nuclear modification factor of neutral pions from d+Au collisions measured by PHENIX is consistent with 1 within systematic errors [40] . The evolution of a jet momentum distribution P j (p, t) = dN j (p, t)/dpdy (essentially the probability of finding a jet with energy p at time t) in the medium is obtained in the AMY formalism by solving a set of coupled rate equations (for details see [41, 42] ), which have the following generic form,
where dΓ j ab (p, k)/dkdt is the transition rate for the partonic process j → a+b. We point out that the calculation includes not only the emission but also the absorption of thermal partons as the k integral in Eq. (7) ranges from −∞ to ∞. The transition rate is given by [41, 42] 
Here C s is the quadratic Casimir relevant for the process, and x ≡ k/p is the momentum fraction of the gluon (or the quark, for the case g → qq). h ≡ p × k determines how non-collinear the final state is; it is treated as parametrically O(g s T 2 ) and therefore small compared to p · k. Therefore it can be taken as a two-dimensional vector in transverse space. F ( h, p, k) is the solution of the following integral equation [41, 42] :
Here δE( h, p, k) is the energy difference between the final and the initial states:
and m 2 are the medium induced thermal masses. Also, C( q ⊥ ) is the differential rate to exchange transverse (to the parton) momentum q ⊥ . In a hot thermal medium, its value at leading order in α s is [43] 
For the case of g → qq, (C s − C A /2) should appear as the prefactor on the term containing
The strength of the transition rate in pQCD is controlled by the strong coupling constant α s , temperature T and the flow parameter β (the velocity of the thermal medium) relative to the jet's path. In a 3D expanding medium, the transition rate is first evaluated in the local frame of the thermal medium, then boosted into the laboratory frame,
where
are momentum and the proper time in the local frame, and v j is the velocity of the jet. As jets propagate in the medium, the temperature and the flow parameter depend on the time and the positions of jets, and the 3D hydrodynamical calculation [21] is utilized to determine the temperature and flow profiles. The energy-loss mechanism is applied at τ 0 = 0.6 fm/c, when the medium reaches thermal equilibrium, and turned off when the medium reaches the hadronic phase.
The final hadron spectrum dN
T dy at high p T is obtained by the fragmentation of jets in the vacuum after their passing through the 3D expanding medium,
where dN
T dy| f is the final momentum distribution of the jet initially created at transverse position r ⊥ after passing through the medium. The fragmentation function D h/j (z j , Q F ) gives the average multiplicity of the hadron h with the momentum fraction z j = p T /p j T produced from a jet j at a scale Q F , taken from KKP parametrization [44] . The fractorization scale Q = p j T and fragmentation scale Q F = p T are set as in [37] where the K-factor is found to be 2.8. We use these values throughout the present study. This nicely reproduces the experimentally measured π 0 yield at mid and forward rapidity in p+p collisions at √ s = 200 GeV, as shown in Fig. 1 and Fig. 2 . It can be clearly seen that replacing the CTEQ5 parton distribution functions by MRST01 [46] yields essentially the same result for the inclusive π 0 production in p+p collisions. We point out that the presence of a nuclear medium might in principle alter these scales but we postpone a detailed study of this possibility to future research. The nuclear modification factor R AA is defined as the ratio of the hadron yield in A+A collisions to that in p+p interactions scaled by the number of binary collisions
IV. RESULTS
In Fig. 3 , we present the calculation of the nuclear modification factor R AA for neutral pions measured at midrapidity for two different impact parameters b = 2.4 fm and b = 7.5 fm, compared with (preliminary) PHENIX data for most central (0 − 5%) and midcentral (20 − 30%) collisions [26] . All results presented throughout the paper are for Au+Au collisions at √ s = 200 AGeV. We only show results for the nuclear modification factor R AA for neutral pions, as results for charged hadrons (including contributions from charged pions, kaons and protons) are qualitatively similar. Once the temperature evolution is fixed by the initial conditions and subsequent 3D hydrodynamical expansion, the strong coupling constant α s is the only quantity which is not uniquely determined in the model. The value of α s is a direct measure of the interaction strength and is adjusted in such a way that the experimental data in the most central collisions is described. The same value, α s = 0.33, is used in peripheral collisions. Treating α s as T -independent from early thermalization on down to the phase transition temperature is a simplification and corresponds to the assumption that the deconfined phase of the medium formed in Au+Au collisions at 200 AGeV at RHIC can be characterized by one average effective coupling. We point out that a treatment in the AMY formalism only considers energy loss in the partonic phase, hadronic energy loss is not included in the present study [49] . We have verified that choosing different constant values of α s does not influence the shape of R AA as a function of p T significantly while only the overall normalization is affected. We point out that although α s < 1, g s = √ 4πα s is actually larger than 1. In that sense our study does not contradict the finding in [22] that a stronger quenching power of the medium has to be assumed than if a fully perturbative treatment of jet quenching in the quark gluon plasma is employed. (In [22] uncertainties in the selection of the strong coupling and possible non-perturbative effects were parameterized by a factor K inq = 2Kǫ 3/4 . K ≈ 3.6 was adjusted to give a good description of R AA in central collisions at mid-rapidity.)
In Fig. 3 , R AA at midrapidity is averaged over the azimuth φ. More tomographic capabilities can be achieved if one studies R AA at midrapidity in non-central colli-sions not only as a function of p T averaged over φ but also as a function of the azimuth φ [26] .
The reason is that the initial geometric asymmetry in non-central collisions leaves its imprint on the 3D hydrodynamical evolution and initial jets experience different energy loss (depending on where they are produced in the medium and in which direction they are emitted) owing to the different local properties of the nuclear medium with which they interact. In the AMY formalism the important input from the evolution is the temperature in the rest frame of the local fluid that the jet experiences (and to a lesser extent the flow profile of the medium, as discussed later). To illustrate the geometrical asymmetry we show in Fig. 4 isotherms for T = T c in the transverse plane for an impact parameter of b = 7.5 fm at two different proper times of the evolution. They represent the inner and outer boundaries of the mixed phase during the evolution. The geometric asymmetry of the temperature profile can be clearly seen from the plot. Both boundaries move towards the center and the inner boundary moves faster than the outer boundary. It is useful to define the emission in plane (φ = 0) versus out of plane (φ = π/2). We point out that the ratios of the boundary positions in plane to those out of plane are almost constant in proper time and have almost the same values for the inner and outer boundaries: ∼ 0.8. Fig. 5 shows the temperature observed by a jet traversing this medium. The jet is assumed to be created at position (r 0 , φ 0 ) by a hard scattering at early times in the heavy-ion collision. As it propagates through the medium, the surrounding environment will change from the QGP phase to the mixed phase, then to the hadronic phase and will eventually freeze-out. We plot the temperature evolution experienced by jets that are created in a symmetric position (φ 0 = π/4) relative to in-plane and out-of-plane and illustrate the geometrical asymmetry of the medium. We compare jets starting at the origin and those at r = 3 fm.
Jets that propagate out of plane will pass the mixed phase and the hadronic phase at later proper time than those traversing in plane and will interact with the deconfined and mixed phase of the medium longer. If the jets have identical initial energy, the energy loss experienced by the jets propagating out of plane will therefore be larger than in plane. This behavior is reflected in R AA as a function of p T for emissions in plane and out of plane in Fig. 6 for different impact parameters. While there is very small difference for R AA between the two planes in central collisions, a much larger difference for midcentral collisions (about 13% for b = 7.5 fm) is predicted, as can been seen from the ratio of R AA for emission out of plane to that in plane As a further tomographic quantity, one can also study R AA for non-central collisions as a function of the azimuthal angle φ for different p T , see Fig. 8 . A monotonous decrease of R AA for emissions from in plane to out of plane, reflects (an average of) the asymmetric temperature (and flow) profiles experienced by the jets while they traverse the medium.
In a 3D expanding medium, there is also considerable collective flow being built up during the evolution. This can affect the energy loss of jets and may to some degree influence the asymmetry in the final pion spectrum. To quantify this effect, we use the same 3D hydro temperature profile, but disregard the transverse flow. We compare the case with flow to one where the velocity effect is disregarded, namely β = 0 is enforced by hand in Eq. (12) (only for illustration purposes). This treatment can give an estimate on how collective flow (not the temperature of the medium) influences the jet energy loss in the evolution. As is shown in Fig. 9 , flow effects only slightly increase the quenching power of the medium in the AMY-formalism. It is emphasized that for a realistic hydrodynamical calculation, the overall temperature of the medium would drop not as fast if collective flow was switched off and the medium itself would expand more slowly in this case.
We point out that a further interesting quantity is R AA for neutral pions as a function of p T at different centralities and away from midrapidity. The formalism as outlined in Section II. can be straightforwardly extended to treat this case. Caveats are that only moderate deviations from midrapidity can be allowed, because the nuclear parton distribution functions can be less exactly determined in the relevant region [36] and the assumption of a thermalized medium essential for a hydrodynamical treatment is no longer fulfilled far away from midrapidity. We therefore restrict our study to rapidities close to midrapidity (maximum forward rapidity y = 2).
At finite rapidity y the energy of a highly-relativistic jet with a transverse momentum p T is given by E = p T cosh y. The pions at a fixed p T have more energy and are the fragments of higher energetic partons than the corresponding midrapidity pions. The initial jet distribution of quarks and anti-quarks is shown in Fig. 10 for different rapidities, compare Eq. (6) . Note that the kinematical cut off at E = √ s N N /2 = 100 GeV is reached at lower p T for finite y.
In Fig. 11 we show R AA as a function of p T for central collisions (0 − 5%, b = 2.4 fm) at mid and forward rapidity. It is interesting to notice that R AA behaves quite differently as a function of p T at y = 2 than at y = 0. This is not only due to the different temperature profiles of the hydrodynamical medium at forward rapidity but also strongly influenced by the different initial jet distri- butions, see Fig. 10 .
To provide additional insight, we studied the same quantity averaged over φ for midcentral collisions with an impact parameter of b = 7.5 fm with and without nuclear shadowing effects taken into account in the parton distribution functions utilized in Eq. (6) . Results are shown in Fig. 12 . It is interesting to notice that R AA is not monotonously increasing as a function of p T . The midrapidity R AA is decreasing above ∼ 18 GeV/c (with nuclear shadowing), the turning point for y = 1 is at ∼ 9 GeV/c (with nuclear shadowing). The values of R AA at y = 2 decreases monotonically above ∼ 6 GeV/c in the case without nuclear shadowing and exhibits two turning points if shadowing is taken into account. We have also found that assuming a simple power law approximation for dN/d 2 p T dy distributions for all values of p T would lead to increased R AA at higher p T (comparison not shown). This demonstrates that the overall decrease of R AA at higher p T is mainly due to the initial One can also address the question how different the part of the medium is traversed by a jet which fragments into a pion at forward rapidity in comparison to one which fragments at midrapidity. We compare the full 3D hydrodynamical calculation to an effective 2D boostinvariant approach in which the 2D hydrodynamical solution at midrapidity is assumed to also describe the transverse profile at forward rapidity. This corresponds effectively to imposing a posteriori Bjorken expansion onto the non-Bjorken hydrodynamical evolution. We study the ratio of R AA by imposing a boost invariant expansion, and comparing with the fully 3D non-Bjorken evolution. Fig. 13 shows a calculation at forward rapidities for non-central collisions with a finite impact parameter of b = 7.5 fm. This ratio is obviously not measurable, but is interesting from a theoretical point of view. Its relatively strong deviations from 1 at y = 2 stem mainly from the different transverse temperature profiles at forward rapidity in the non-Bjorken evolution whereas these differences at y = 1 are not significant. The fact that the ratio is rather flat in p T (it varies only in the range of 0.7 ± 0.05 for y = 2) indicates that the reduction of the quenching power of the medium in the non-Bjorken case compared to the boost-invariant one is similar for partons over the full range of initial jet energies probed in the collision. Therefore a measurement of the absolute normalization of R AA at midrapidity and forward rapidities might be useful in quantifying the deviations arising from the simplifications made in boost invariant expansion models. As has been pointed out earlier, see e.g. [48] , the determination of nuclear parton distribution functions (nuclear PDFs) from experimental data is ambiguous. These uncertainties can also influence the calculation of the nuclear modification factor at mid and forward rapidity at RHIC. We compare in this subsections results obtained with the nuclear parton distribution functions as determined by NPDF04 [48] with those that were employed so far in this work, namely EKS98. We checked that the nucleon parton distributions which NPDF04 and EKS98 rely on, namely MRST01 and CTEQ5, respectively, lead to almost the same prediction of the inclusive cross section for π 0 production in p + p collisions, cmp. Figs. 1 and 2. This should be expected since the determination of nucleon parton distribution functions has smaller uncertainties than those extended to nuclei. It is possible to trace these differences in R AA back to differences in the initial jet distributions resulting mainly from the different shadowing descriptions. We show in Fig. 16 upper panel the ratio of the initial quark and anti-quark jet distributions as inferred from NPDF04 to EKS98. This translates -after jet-energy loss and fragmentation have been taken into account -into a similar behavior of the ratios of the nuclear suppression factor R AA in the two cases. Differences in the initial distribution (mainly resulting from different nuclear shadowing) will therefore be reflected in R AA at mid and forward rapidity and at different centralities. Reduced sensitivity to differences in shadowing effects is expected if ratios of R AA are considered: the ratio for y = 1 (Fig. 13) is only sensitive on the 1% level to employing EKS98 or NPDF04 (comparison not shown), the sensitivity for y = 2 is at most 4%. What we find in this subsection clearly demonstrate that that R AA is not only sensitive to the employed jet quenching formalism but also to nuclear shadowing effects. The reason is that -even after energy loss and fragmentation -R AA is sensitive to the initial jet distribution which in turn vary within the uncertainties of the determination of nuclear shadowing. A further reduction of uncertainties in the determination of nuclear shadowing effects will make a more stringent test of jet quenching formalisms by R AA measurements.
V. CONCLUSIONS
In this paper, the jet energy loss was studied in the AMY-formalism using a 3D hydrodynamical evolution model that has been shown to describe the bulk properties of matter created in heavy-ion collisions at RHIC.
We have evaluated the nuclear suppression factor R AA for neutral pions in central collisions as a function of p T at mid and forward rapidity and have discussed how the azimuthal asymmetry of the medium in non-central collisions allows to put stronger constraints on our understanding of jet energy loss by gluon radiation. Since the jets probe different flow and temperature profiles in the asymmetric expansion depending on their initial positions and emission angles, R AA is not only a function of p T but also of the azimuth in those collisions.
The measured R AA as a function of p T in central and (averaged over the azimuth) in non-central collisions at midrapidity is in good agreement with the model calculations. We also have provided calculations of R AA as a function of p T and the azimuth without averaging that can be the basis of more stringent experimental tests once further data become available. We furthermore studied R AA as a function of p T in central and again averaged over the azimuth in non-central collisions at mid and forward rapidity and provided arguments that a measurement of these dependences might not only be able to reveal more information about the nuclear medium (as deviations from the assumption of boost invariance) but also provide a possibility to observe nuclear shadowing effects in the initial parton distribution function indirectly (assuming appropriate experimental resolution). We emphasize that the description of R AA (as a function of p T , the azimuthal angle and rapidity) alone is not enough to prove the consistency of a specific energy loss mechanism with data, if assumptions about the medium evolution can be freely adjusted. On the contrary, R AA will only provide stronger constraints on our theoretical physical conjectures about jet energy loss in the nuclear medium if studied in a dynamical evolution model which has been tested using soft observables.
